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BACKGROUND OF THE INVENTION 

The invention relates generally to processes for electrostatic image development in 
toning systems that employ a two-component developer. More specifically, the invention 
relates to apparatus and methods for electrostatic image development, wherein the image 
development process is optimized by manipulating certain relationships between carrier 
particle size, toner particle size, carrier dielectric constant or conductivity, and toner charge 
to minimize attractive forces between the toner particles and carrier particles that arise from 
the effects of particle polarization and non-uniform surface charge distributions. 

Processes for developing electrostatic images using dry toner are well known in the 
art. Such development systems are used in many electrophotographic printers and copiers 
(collectively referred to herein as "electrophotographic printers" or "printers") and typically 
employ a developer consisting of toner particles, hard magnetic carrier particles and other 
components. In many current and prior art developers, the carrier particles are much larger 
than the toner particles, on the order of up to 30 times larger. 

The developer is moved into proximity with an electrostatic image carried on a 
photoconductor, whereupon the toner component of the developer is transferred to the 
photoconductor, prior to being transferred to a sheet of paper to create the final image. 
Developer is moved into proximity with the photoconductor by a rotating toning shell, an 
electrically-biased, conductive metal roller that is rotated cocurrent with the photoconductor, 
such that the opposing surfaces of the photoconductor and toning shell travel in the same 
direction. Located inside the toning shell is a multipole magnetic core, having a plurality of 
magnets, that is either fixed relative to the toning shell or that rotates, usually in the opposite 
direction of the toning shell. The developer is deposited on the toning shell and the toning 
shell rotates the developer into proximity with the photoconductor, at a location where the 
photoconductor and the toning shell are in closest proximity, referred to as the "toning nip." 

On the toning shell, the magnetic carrier component of the developer forms a "nap," 
similar in appearance to the nap of a fabric, because the magnetic particles form chains of 
particles that rise vertically from the surface of the toning shell in the direction of the 
magnetic field. The nap height is maximum when the magnetic field from either a north or 
south pole is perpendicular to the toning shell. Adjacent magnets in the magnetic core have 
opposite polarity and, therefore, as the magnetic core rotates, the magnetic field also rotates 
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from perpendicular to the toning shell to parallel to the toning shell. When the magnetic field 
is parallel to the toning shell, the chains collapse onto the surface of the toning shell and, as 
the magnetic field again rotates toward perpendicular to the toning shell, the chains also 
rotate toward perpendicular again. Thus, the carrier chains appear to flip end over end and 

5 "walk" on the surface of the toning shell and, when the magnetic core rotates in the opposite 
direction of the toning shell, the chains walk in the direction of photoconductor travel. 

The toner component of the developer is carried along with the carrier particles by 
virtue of the attractive forces that cause the toner particles to bind to the carrier particles. 
These forces include surface forces, or adhesion forces, such as van der Waals forces, and 

10 electrostatic forces arising from both free charges, such as tribocharge, and bound charges 
due to polarization induced by those charges and polarization of the particles by the external 
electric field of image development. Surface forces are important for small toner particles 
but are generally of very short range and are only significant for particles in contact. 
However, tribocharging can produce patches of charge at the point of contact between 

15 particles, causing uneven charge distribution that can result in a very large attractive force 
between particles. 

While these attractive forces are required to transport toner into the toning nip, image 
development cannot occur unless the toner particles are separated from the carrier particles. 
Accordingly, it is important for optimal image development to strike an appropriate balance, 

20 such that the attractive forces between the toner and carrier particles are strong enough to 
efficiently transport toner while at the same time the attractive forces should not be so strong 
as to interfere with stripping of toner particles from the developer in the presence of the force 
due to the imaging field, or toner development will be impaired. Accordingly, there is a need 
in the art for developer and developer systems that strike the appropriate balance by 

25 minimizing unwanted components of the attractive forces between toner and carrier particles, 
allowing for optimal toning efficiency. 
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SUMMARY 

This invention solves these and other problems of the current and prior art developer 
systems by optimizing the relative sizes of the carrier and toner particles so that the creation 
of non-uniform distributions of electrostatic charge on the particles and the force due to non- 
5 uniform charge distributions are minimized. In one aspect, the present invention is directed 
to a two-component developer, in which the carrier particles are only a few times larger than 
the toner particles. 

In another aspect, the invention relates to a two-component developer, including 
magnetic carrier particles and resinous, pigmented toner particles, wherein the dielectric 
10 constant or conductivity of the toner and carrier are determined such that the forces due to 
non-uniform charge distributions are minimized. 
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BRIEF DESCRIPTION OF THE DRAWINGS AND 
PREFERRED EMBODIMENTS 

FIG. 1 presents a side view of an apparatus for developing electrophotographic 

images, according to an aspect of the invention. 

5 FIG. 2 presents a side cross-sectional view of an apparatus for developing 

electrostatic images, according to an aspect of the present invention. 

FIG. 3 presents a diagrammatic view of the interaction between a toner particle and a 

carrier particle having equal and opposite charges. 

FIG. 4 presents a diagrammatic view of the interaction between a toner particle and a 

10 carrier particle having a much greater radius than the toner particle. 

FIG. 5 presents a diagrammatic view of the effects of charge induced polarization for 

a conductive, spherical carrier particle. 

FIG. 6 presents a graphical representation of the inter-particle attractive force 

between a carrier particle and a toner particle as a function of carrier size and electrical 

15 properties for the toner and carrier particles in contact. 

FIG. 7 presents a graphical representation of the inter-particle attractive force 

between a carrier particle and a toner particle as a function of carrier size for a range of 

separation distances. 

FIG. 8 presents a diagrammatic representation of the interaction between a toner 

20 particle showing non-uniform charge distribution and a carrier particle. 

FIG. 9 presents a graphical representation of the inter-particle attractive force 

between a carrier particle and a toner particle as a function of carrier size and electrical 

properties for the toner and carrier particles separated by a distance of 0.05 toner radii and for 

10% of the toner charge concentrated at the point nearest the carrier surface. 

25 FIG. 10A presents a diagrammatic representation of a tetrahedral void formed by 

packed carrier particles. 

FIG. 10B presents a diagrammatic representation of an octahedral void formed by 

packed carrier particles. 

FIG. 10C presents a diagrammatic representation of a trigonal prism capped with 

30 three half octahedra void formed by packed carrier particles. 
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FIG. 10D presents a diagrammatic representation of an archimedean antiprism capped 
with two half octahedra void formed by packed carrier particles. 

FIG. 10E presents a diagrammatic representation of a tetragonal dodecahedral void 
formed by packed carrier particles. 
5 FIG. 1 1 presents a graphical representation of the void size distribution in a dense 

randomly packed hard spheres model. 

FIG. 12 presents a diagrammatic view of the packing of carrier and toner particles 
when the carrier particles are much larger than the toner particles. 

FIG. 13 presents a graphical representation of particle size distributions 
10 FIG. 14 presents a graphical representation of the void size distribution in a dense 

randomly packed hard spheres model for carrier particles having narrow and broad size 
distributions. 
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DETAILED DESCRIPTION 

Various aspects of the invention are presented in Figures 1-14, which are not drawn 
to scale, and wherein like components in the numerous views are numbered alike. Figures 1 
and 2 depict an electrophotographic printing apparatus according to an aspect of the 
5 invention. An apparatus 10 for developing electrostatic images is presented comprising an 
electrostatic imaging member 12 (also referred to herein as a "photoconductor") on which an 
electrostatic image is generated, and a magnetic brush 14 comprising a rotating toning shell 
18, a mixture 16 of hard magnetic carriers and toner (also referred to herein as "developer"), 
and a rotating magnetic core 20, comprising a plurality of magnets 21, located inside the 

10 toning shell 18. In a preferred embodiment, the photoconductor 12 is configured as a sheet- 
like film. However, it may be configured in other ways, such as a drum, depending upon the 
particular application. The film photoconductor 12 is relatively resilient, typically under 
tension, and a pair of backer bars 32 may be provided that hold the imaging member in a 
desired position relative to the toning shell 18, as shown in Figure 1. The photoconductor 12 

15 and the toning shell 18 rotate such that the opposing surfaces of the toning shell 18 and the 
photoconductor 12 travel in the same direction. The photoconductor 12 and the toning shell 
18 define an area therebetween known as the toning nip 34. Developer 16 is delivered to the 
toning shell 18 upstream from the toning nip 34 and, as the developer 16 is applied to the 
toning shell 18, the average velocity of developer 16 through the narrow toning nip 34 is 

20 initially less than the developer 16 velocity on other parts of the toning shell 18. Therefore, 
developer 16 builds up immediately upstream of the toning nip 34, in a so-called "rollback 
zone," until sufficient pressure is generated in the toning nip 34 to compress the developer 16 
to the extent that it moves at the same mass velocity as the developer 16 on the rest of the 
toning shell 18. A metering skive 27 is located adjacent the toning shell 18 and may be 

25 positioned closer to or further away from the toning shell 18 to adjust the amount of 
developer 16 delivered by the toning shell 18. 

In a preferred embodiment, the toning station has a nominally 2" diameter stainless 
steel toning shell containing a 14 pole magnetic core. Each alternating north and south pole 
has a field strength of approximately 1000 gauss. The toner particles have a nominal 

30 diameter of 1 1.5 microns = 2R T where R T is the nominal radius of the toner, while the hard 
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magnetic carrier particles have a nominal diameter of approximately 26 microns = 2R C where 
Rc is the nominal radius of the carrier particles, and resistivity of 10 u ohm-cm. 

While not wishing to be bound by any particular theory, it is believed that the 
optimization of the relative sizes of the toner and carrier particles affects the electrostatic 

5 forces exerted on and between the particles. Accordingly, the following discussions will 
focus on the interactions between a single toner particle having charge q and a single carrier 
particle having charge Q, beginning with the simplest force interaction in the ideal situation 
and will progressively become more complex, as additional forces are taken into account. 
The toner particles 50 and carrier particles 52 are both electrostatically charged, and have 

10 opposite charges, causing the toner particles 50 and carrier particles 52 to be attracted to each 
other. 

Referring to Fig. 3, if the electrostatic charge is uniformly distributed on the surface 
of the particles and the particles are approximately spherical, the force exerted by these 
charges is the same as that of two point charges at the center of the particles, q and Q, and the 

15 attractive force is given by Coulomb's law: 

F C oui = qQ/r 2 (1) 
where r is the distance between the centers of the particles. This force is negative if the 
charges are attracted, positive if they repel, and is directed in a straight line from one particle 
to the other. The potential energy U of the system of two charges is given by 

20 U = qQ/r (2) 

For charge Q, the potential energy for a unit charge at a distance r, or the potential, is given 
by the equation: 

V = Q/r (3) 
with Q the source of the potential, and the electric field of charge Q can be found from the 
25 potential, as the negative derivative of the potential: 

E - -VV (4) 
For a system of pre-existing charges qi brought into proximity, the potential energy U can be 
found by summing over all interactions except those of self-assembly, i.e. the sum does not 
include interaction of a point charge qi with its own Coulomb potential qj/r, which represents 
30 the energy required to assemble the charge q\. The potential energy for a system of point 
charges is given by Equation (5) 
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U = |lq i V j (5) 

In electrographic development, the toner particles 50 contact the carrier particles 52 
and acquire a charge q through tribocharging. An equal and opposite charge Q= -q is 
5 initially distributed on the surface of the carrier particle 52. Thus, for spherical particles with 
uniform surface charge distributions, the force between the particles from the free charges is 
as if the charge q and Q were concentrated in the center of each respective particle and is 
given by Equation (1), with r > R c + Rt- 

In actual practice, however, additional forces are present, arising from polarization of 

10 the particles. Moreover, there are two sources of polarization. First, the charge of each 
particle induces polarization in an adjacent particle, i.e., the charge on the toner particle 50 
induces polarization in carrier particle 52. For ease of discussion, this will be referred to 
herein as "charge induced polarization." Second, polarization also arises from external 
electric fields, such as the external electric field of image development. This external electric 

15 field is approximately constant over the dimensions of a carrier 52 or toner 50 particle and 
also exerts a force qE on the toner particle. These additional electrical forces and their 
contribution to the overall forces exerted by the toner particle 50 and carrier particle 52 are 
superimposed on the Coulomb force. 

Charge induced polarization will be addressed in the case of a conductive carrier 

20 particle and a dielectric carrier particle. At the outset, it should be noted that dielectric 
carrier particles having a very high dielectric constant behave similarly to conductive 
particles in some respects but have advantages due to their large but finite dielectric constant. 
Charge induced polarization reduces the potential energy of the system and increases the 
attractive force between the particles. Figure 4 depicts a toner particle 50 adjacent a carrier 

25 particle 52, where the carrier particle 52 has a much larger diameter than the toner particle 
50, to the extent that the carrier particle 52 may be represented as a flat, conductive, 
grounded plane adjacent the toner particle 50. The charge on the toner particle 50, q, induces 
an electrostatic image charge, -q, in the conductor particle 52. This electrostatic image 
charge is to be distinguished from the electrographic image charge carried by the 

30 photoconductor 12. In actuality, the electrostatic image charge is a distribution of free 
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charges on the surface of the carrier particle 52, but may be represented as the electrostatic 
image charge shown in Fig. 4. At the limit, for a very large carrier particle 52 of essentially 
infinite radius, that is a perfect conductor, and for a toner particle 50 with charge uniformly 
distributed on its surface and approximated as a point charge, the force due to the 
5 electrostatic image charge is given by: 

^Pt-Cond Plane =_ ~77Z ZT (^) 

4(R T +s) 
and the potential energy is 

U P ,CondP,„e=- 4(RT+s) (7) 

where s is the separation between the particles. The point-plane model is also a good 
10 approximation for very large carriers that have high but finite conductivity or a very large 
dielectric constant »1. For a large carrier with dielectric constant s c , 



F 

x Pt-Diel Plane 



and 



e c +lj4(R T +s) 



q (8) 



U Pt-Diel Plane 



v e c +l 



q 



(9) 



4(R T + s) 

15 For typical toner characteristics, such as a toner charge of 20 (xC/g, average toner diameter of 
1 1 .5 microns, and density of approximately lg/cc, the toner has a charge of approximately 
4.78 x 10' 5 statcoulombs, and the force from the electrostatic image charge for a toner 
particle 50 in contact with a conductive carrier particle 52 represented as a plane surface is 
approximately -1.73 x 10° dynes. However, given that the sizes of the toner and carrier 

20 particles are relative, toner of larger or smaller diameter may be employed in this invention. 
The electrostatic potential energy binding the toner particle 50 to a conductive carrier particle 
52 is approximately -9.93 x 10" 7 ergs. For large dielectric carrier with large values of 8c, the 
force and potential are approximately the same as for large conductive carriers. 

In the more realistic case shown in Fig. 5 of a spherical carrier particle 52, a toner 

25 particle 50 tribocharged on the surface of the carrier particle 52 acquires a charge q 
uniformly distributed on its surface, while the carrier particle 52 acquires charge Q. The 
center of the toner particle 50, with charge q, is at radius r from the center of the carrier 
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15 



particle 52. At least initially, the particle charges are equal and opposite, such that Q=-q. If 
the carrier is conductive, a portion of its total charge Q concentrates on the surface of the 
carrier particle 52 adjacent the toner particle 50, indicated by 54, resulting in a non-uniform 
charge distribution. This produces forces that are identical to those that would result from an 
electrostatic image charge of q' = -qRc/r inside the carrier particle 52 at a distance of Rc /r 
from the center of the carrier in the r direction, and from excess charge Q' = Q-q' = -q(l-Rc/r) 
at the center of the carrier particle 52. When the toner particle 50 is close to the carrier 
particle 52, the electrostatic image charge is large and localized near the surface of the carrier 
particle 52, and the resulting attractive force is large. As the separation between the toner 
particle 50 and the carrier particle 52 increases, the electrostatic image charge decreases in 
magnitude and moves toward the center of the carrier particle 52, decreasing the attractive 
force and increasing the magnitude of the charge in the center of the carrier particle 52. 

Thus, for a conductive carrier particle 52 and point charge toner particle 50, the 
attractive force due to the electrostatic image charge at R c 2 /r alone is given by: 



F = — 



Rc 2 



Rc 



2 V 



(10) 



Including the remaining charge Q-q' on the carrier particle 52, the total electrostatic 
force on the toner particle 50, a force that is greater than the Coulomb force qQ/r 2 , is given 
by: 
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For a dielectric carrier particle 52, the distribution of charges is different. 
Polarization from an adjacent toner particle 50 produces a bound surface charge distribution 
25 and a bound internal charge distribution on the carrier particle 52, that cannot be depicted as 
individual electrostatic image charges. For source charge q at distance r, the potential at r' > 
R c is given by 
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V = - 



q(e c -l)R c ^, n 



rr 777 ne r + n + l 



V n J 



Pn(COSr) (13) 



where / is the angle between r and r f , and P n (cos/) are Legendre's polynomials. For y= 0, 
Pn(cos^) = 1. This equation is symmetrical if the source charge is at location r or at location 
r'. 

A toner particle 50 tribocharged on a dielectric carrier produces a free charge on the 
surface of the carrier particle 52 of magnitude Q=-q, and the potential energy for a spherical 
dielectric carrier particle 52 having a dielectric constant Eq and charge Q interacting with a 
toner particle 50 represented as a point charge of magnitude q is given by: 



q 2 (e c -l)R c ^ n fR c V n , qQ 



y t _ 4 V^c ~ A ^c XT 

U Diel - 0 7 Zu 



+ — (14) 



2r £^ne c +n + l 

10 The total force on a point toner particle 50 from a dielectric carrier particle 52, including both 
charge induced polarization and the Coulomb force is given by: 

_ -2q 2 (e c -l)R c ^ n (R c ) 2n 

r Diel - ~ 3 Zj 



2r 3 ^ns c +n + l 



V r ; 



.3fcj)^_j!LiM" + 32 (15) 

2r 2 ^n8 c +n + ll^ r J r 2 

As discussed above, for very large dielectric carriers having a very high dielectric constant, 
15 such forces are approximately as discussed for very large conductive carriers. For carriers of 
finite size, however, the forces are as represented diagrammatically in Figures 6 and 7, 
which illustrate the effects of varying the relative size of the toner and carrier particles. 
Figure 6 is a plot of the force exerted on a point toner particle of charge q by spherical 
conductive and dielectric carrier particles of charge Q = -q, with the toner and carrier 
20 particles in contact, for a range of carrier dielectric constants 6c. Figure 7 is a log-log plot of 
the force exerted on a point toner particle by spherical conductive and dielectric carrier 
particles with large dielectric constant ec, as a function of distance from the center of the 
carrier particle. The curves plotted represent carrier particles ranging in radius from 1 to 30 
times the radius of the toner particle. 
25 Figure 6 shows that the contact force for point-charge toner with a dielectric spherical 

carrier particle is always less than for the conductive carrier particle and greater than the 
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Coulomb force. The force for the dielectric carrier is greatest for small carrier particles of R c 
approximately equal to R T . For larger dielectric carriers, the force approaches the limit of 
the image force from a dielectric plane surface. 

The data in Fig. 6 for dielectric carriers was calculated using the first 200 terms for 

5 the summations of Equation (15). Very similar results are obtained if the force is calculated 
from the slope of the potential energy given by Equation (14). The potential energy given by 
Equation (14) will converge for r > Rc- Good agreement is obtained for forces calculated 
using Equation (15) and forces calculated by numerically evaluating the slope of the potential 
energy curve resulting from Equation (14) if a reasonable number of terms are used for each 

10 summation so that the n th term is much smaller than the 1 st term. 

To optimize toning, the qE force on a toner particle from the electrostatic field for 
image development must be as large as possible in comparison to the attractive force binding 
the toner to the particle. This can be obtained with carrier particles having radius Rc such 
that Rc > 1.5R T in combination with a large dielectric constant. The preferred large dielectric 

15 constant results in an imaging electric field that is for practical purposes as large as that 
resulting from carrier that is conductive. 

For example, assuming that 60% of the volume in the toning nip is occupied by 
carrier, for a voltage differential V between the photoconductor 12 and toning shell 18 a 
distance L apart, the imaging electric field is approximately given by E = V/((1-0.6)L). This 

20 assumes that conductive carrier particles can be approximated by thin sheets of conductive 
material. The effective dielectric constant is e e ff = [V/((1-0.6)L)]/[V/L] = 1/(1-0.6) = 2.5. 
For the Weiner theory for the dielectric constant of mixtures, in the series or layer limit, 

£ «r=— ™ V (16) 

8 2 +o(l-e 2 ) 

where E2 is the dielectric constant of the carrier particles and 6 is the packing density of the 
25 particles in the toning nip. As mentioned previously, the dielectric constant for commercial 
Heidelberg Digital carrier is approximately 5 x 10 3 . A dielectric constant of 6 at 60% 
packing will decrease the effective dielectric constant by 20%, resulting in a reduction of the 
electric field of image development by 20%, but also reduce the attractive force by 10% to 
29%, depending on n, where n is the ratio of carrier radius to toner radius. A dielectric 
30 constant of 3 will decrease the effective dielectric constant and the electric field by 33%, but 
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reduce the attractive force by 16% to 50%. For carrier particles, a range for dielectric 
constant from 6 to oo can be used. Similar results are obtained using the Maxwell-Wagner 
model. 

Returning to the discussion of interparticle forces, as can be seen from the curves 

5 plotted in Fig. 7, for large carrier particles, the force and potential change very rapidly with 
distance r, while for smaller carrier particles, the force decreases much more slowly. Each 
curve corresponds to toner separation distances ranging from contact with the carrier surface 
to separations of 10 toner radii between the particle surfaces. For larger carrier particles ~ 30 
x the toner diameter, the force can decrease more rapidly than 1/r 30 , behaving similarly to a 

10 surface force. For relatively small carrier particles of lx to 5x the toner diameter, i.e., where 
Rc is less than about 5R T to about 10R T the forces from tribocharge and charge induced 
polarization approach 1/r 2 to 1/r 3 dependence at modest separations. For reference, the 
Coulomb force is also plotted in Figure 7. Coulomb behavior is represented by a straight line 
of negative slope on log-log plots because of the 1/r 2 dependence for the force and the 1/r 

1 5 dependence for the potential, with ^-intercept 21ogi 0 (q). 

The forces and potentials given by Equations (11), (12), (14), and (15) are 
proportional to q 2 . For example, for a charge q other than 4.78 x 10" 5 statcoulombs, at a fixed 
toner diameter of 1 1.5 microns, the force will be q 2 /(4.78 x 10" 5 ) 2 times that shown in Figs. 6 
and 7. If distance is measured in units of toner radius R T , the forces of Equations (1 1) and 

20 (15) are proportional to q 2 /R T 2 and the potentials given by Equations (12) and (14) are 
proportional to q 2 /R T . If toner radius is changed and the ratio of toner charge-to-radius is 
kept constant, the force remains as shown in Figs. 6 and 7. 

The forgoing discussion has used the Coulomb force and forces due to charge 
induced polarization of the carrier by the toner to calculate the toner-carrier attractive force. 

25 The contribution to the toner-carrier attractive force from polarization of the toner by the 
charge of the carrier is much smaller and can be neglected in this approximation, where the 
dielectric constant s T of the resinous toner is approximately 3. 

The discussion to this point has omitted any consideration of qE forces and 
polarization due to external electric fields, such as the external electric field present in 

30 electrographic image development. For a conductive carrier particle, these additional 
electrical forces and their contribution to the overall forces exerted by the toner particle 50 
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and carrier particle 52 are additive to the forces of Equation (11). For a dielectric carrier 
particle, these additional forces are additive to the forces of Equation (15). The forces in 
Equations (11) and (15) contain the Coulomb contribution to the toner-carrier attractive 
force. 

5 The attractive force between toner particles and carrier particles increases if a portion 

of the toner charge is concentrated near the point of contact of the toner particle and the 
carrier particles, as shown for a conductive carrier particle in Fig. 8, with the charge on the 
toner represented as point charges. The situation depicted in Fig. 3 corresponding to a 
uniform free charge on the toner surface will produce the smallest attractive force between 

10 the particles. Conversely, the configuration depicted in Fig. 8, illustrating a toner particle 50 
in contact with a carrier particle 52, causing a non-uniform, concentrated charge distribution, 
results in a larger attractive force between particles. 

Assuming that there is more than one toner particle per carrier particle, the charge 
distribution on the carrier particle surface can be assumed to be approximately constant. If x 

15 is the fraction of the total toner charge q that is concentrated at a point on the surface, a 
fraction (1-x) of the toner charge can be treated as concentrated at the center of the particle, 
having magnitude qi = q(l-x). The charge concentrated on the surface has magnitude q 2 = 
qx. 

In this case, for conductive carrier, the force between the toner particle and the carrier 
20 particle is given by Coulomb's law, summed over all interactions between the two charges 
on the toner particle and the three image charges "within" the carrier particle. The image 
charge in the carrier particle corresponding to the uniform charge qi = q(l-x) on the toner 
particle is of magnitude qi f = -q(l-x)R c /r at a distance of Rc 2 /r from the center of the carrier 
particle 52 in the r direction. The image charge in the carrier particle corresponding to the 
25 concentrated charge qi = qx on the toner particle surface is of magnitude q 2 ! = -qxR c /(r-R T ) at 
a distance of Rc 2 /(r-R T ) from the center of the carrier particle 52 in the r direction. The 
image charge in the center of the carrier particle is Q' = Q -qi' - q 2 '. If carrier particle 52 has 
total charge Q = -q, then the image charge in the center Q' = -q + q(l-x)R c /r + qxRc/(r-R T ). 
When the toner particle 50 is in contact with the carrier particle 52 and the concentrated 
30 fraction of the toner charge is adjacent the carrier particle, in this approximation, the force is 
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infinite. It can be evaluated for a small separation distance from the carrier particle, such as 
at s = 0.05R T . 

The force for toner of charge q with charge q 2 =qx concentrated at the surface and 
charge qi = q(l-x) distributed uniformly on the surface, adjacent conductive carrier of charge 
Q, is given by Equation (17): 
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For a dielectric carrier particle and a toner particle with charge q 2 = qx concentrated 
at the surface and charge qi = q(l-x) at the center, the potential energy equals the potential 
energy for qi and for q 2 due to the potential of the uniform charge qi, plus the potential 
energy of both charges q t and q 2 due to the potential of the concentrated charge q 2 , plus the 
Coulomb potential for the interaction of the carrier charge Q and the toner charges q ( and q 2 . 

q 2 (l-x) 2 (e c -l)R c ^ n (R, n 
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The force can be found by differentiation. 
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Concentrations of charge significantly increase the force of attraction between toner 
particles and carrier particles. For dielectric and conductive carrier particles, the force on a 
toner particle with 10% of the toner charge concentrated at a point adjacent the carrier is 

10 shown in Fig. 9 for a separation distance of 0.05 toner radii between the surfaces of the toner 
particle and carrier particle. Similarly to Fig. 6, the force for the conductive carrier particle is 
always greater than the force for the dielectric carrier particle. The force in Fig. 9 for the 
dielectric carrier particle and toner with concentrated charge decreases as carrier diameter is 
increased, but is always much greater than the force for the corresponding dielectric carrier 

15 with a uniformly charged toner as shown in Fig. 6. Maintaining uniform charge on the toner 
particles and minimizing concentrations of charge significantly reduces the force required for 
removing the toner from the carrier. 

The data in Fig. 9 for dielectric carriers was calculated using the first 200 terms for 
the summations of Equation (19). Very similar results are obtained if the force is calculated 

20 from the slope of the potential energy given by Equation (18). The potential energy given by 
Equation (18) will converge for r - R T > Rc- Good agreement is obtained for forces 
calculated using Equation (19) and forces calculated by numerically evaluating the slope of 
the potential energy curve resulting from Equation (18) if a reasonable number of terms are 
used for each summation so that the n th term is much smaller than the 1 st term. For small 
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carriers with Rc approximately equal to 3R T , good convergence is obtained with 200 terms 
for each summation, particularly for Equation (18). Increasing the number of terms by 50% 
does not significantly change the values for attractive force for carriers with Rc 
approximately between Rt and 5Rj in size. 

A significant difference between the potential energy for a dielectric carrier and for a 
conductive carrier is that the qiq2 terms, which are proportional to q x(l-x)) and describe the 
interaction between qi and q 2 , are symmetrical for a dielectric carrier particle of finite size if 
either qi or q 2 is considered to be the source. This is not true for conductive carrier. 
Combined with the fact that the potential energy for a charge adjacent a conductive carrier 
particle is greater in magnitude than the analogous potential energy for a dielectric carrier of 
finite dielectric constant, this symmetry results in lower attractive forces for toner having a 
nonuniform charge distribution adjacent a dielectric carrier particle than for the toner with 
nonuniform charge adjacent a conductive carrier particle. 

Although Fig. 9 shows as much as a 25% decrease in attractive forces for large carrier 
particles having R c of approximately 30R T in comparison with smaller carrier particles, the 
preferred carrier particle size is only a few times larger than the size of the toner particles 
because in the preferred range of carrier size, the likelihood is significantly reduced for 
having a large concentration of charge on the toner surface. The relative sizes of the carrier 
particles and toner particles is important in minimizing non-uniform charge distribution 
resulting from toner particles contacting carrier particles over only a small portion of their 
surface, a phenomenon that, to some extent is affected by the amount of free volume in the 
toning nip 34, in reference to Figs. 1 and 2, which, in turn, determines how the developer 
packs together under the pressures exerted in the toning nip 34. Free volume in the toning 
nip 34 may be calculated by assuming that the volume in the toning nip 34 is limited by the 
actual spacing of the photoconductor 12 from the toning shell 18 of 0.018", calculating the 
actual volume occupied by each developer particle, and dividing this volume by the packing 
fraction, f, for dense randomly packed spheres. For very dense packing, f ~ 0.6. The toner 
and carrier particles are assumed to be spherical, and their volume is given by the equations: 



V T = (4/3)7tR T 3 
V c = (4/3)7cR c 3 



(20) 
(21) 
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The number of toner particles in a given unit area of developer, N T , and the number 
of carrier particles in a given unit area of developer, Nc, are given by the following 
equations: 

N T = DMAD x TC/(p T V T ) (22) 
5 N c = DMAD x ( 1 - TC)/(p c Vc) (23) 

where DMAD is the developer mass area density, TC is toner content of the developer, p T is 
density of the toner particles and pc is density of the carrier particles. Given these values, 
free volume may calculated by the following equation: 

V F = 1 - (IcNtVt + N c V c )/(fL) (24) 

10 where L is the spacing between the photoconductor 12 and the toning shell 18 and k is the 
interstitial toner fraction, i.e., the fraction of the toner particles that do not fit within the 
interstitial spaces between the carrier particles and, therefore, contribute to the volume taken 
up by the developer 16. For toner particles of diameter greater than about 41% of the carrier 
particle diameter (or carrier particles with diameter or radius less than approximately 2.4 

15 toner diameter or radii) k - 1, and for the toner used in experiments reported herein and for 
these calculations, it was assumed that k = 1. For toner particles having a much smaller 
diameter relative to the diameter of the carrier particles, the packing structure of the 
developer particles in the nip would be determined entirely by the carrier particles, and the 
toner particles would not contribute to the developer volume. 

20 Outside the toning nip 34, the developer nap is not subjected to the compression 

forces present in the toning nip 34 and, therefore, the packing fraction, f, is less than 0.6. It 
may be assumed that the packing structure of the nap outside the toning nip 34 results from 
magnetic attraction by the carrier particles and that relatively large toner particles will 
occupy voids in the packing structure of the carrier particles approximately equal in size to 

25 that of a carrier particle. Thus: 

V F = 1 - (kN T j V c + N c V c )/(fH) (25) 
where H is the measured nap height and j is the fraction of a carrier volume occupied by a 
toner particle. For the present embodiment, j = 0.6. 

The amount of available free volume, both in and out of the toning nip, is largely 

30 dependent on the degree to which the toner particles are able to fit into the voids created in 
packing of the carrier particles. If the toner particles are smaller than the voids created by the 
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packing of the carrier particles, the volume taken up by the developer is almost entirely 
dependent on the carrier particles. It may be seen, however, that, as the diameter of the toner 
particles increases relative to the diameter of the carrier particles, the ability of the toner 
particles to fit into the voids in the carrier particle packing structure diminishes and the toner 

5 particles increasingly contribute to the overall developer volume, decreasing free volume. 

In the case of toner/carrier interactions, non-uniform charging results primarily from 
toner particles contacting carrier particles with only a limited portion of the toner particle 
surface. As the developer is agitated by the formation and collapse of carrier particle chains, 
the carrier particles form clusters, each having an inner void. Several void structures are 

10 observed with packed spheres. When the carrier particle chains collapse on the surface of the 
toning shell, the particles form a structure that may be described by a model based on 
discrete voids or a by a continuous void model, but the structure approximates a dense 
randomly packed hard spheres (DRPHS) structure. In the discrete void model, the following 
voids are present, as depicted in Figs. lOa-e, in the relative frequencies indicated: (a) 

15 tetrahedron, 86.2%; (b) octahedron, 5.9%; (c) trigonal prism capped with three half 
octahedra, 3.8%; (d) archimedean antiprism capped with two half octahedra, 0.5%; and (e) 
tetragonal dodecahedron, 3.7%. It should be noted that the idealized structures presented in 
Figs. lOa-e are somewhat distorted in the actual carrier particle structure. Alternatively, the 
voids may be modeled as a continuous distribution for monodisperse particles or for particles 

20 having a distribution of sizes described by a Schulz distribution with parameter z using the 
method of Lu and Torquato described in Torquato, S., Lu, B., and Rubinstein, J. "Nearest- 
neighbor distribution functions in many-body systems" in Phvs. Rev. A , Vol. 41, No. 4(15 
Feb. 1990) p. 2059 et seq., which is incorporated by reference herein in its entirety, and as 
described in Lu, B. and Torquato, S. "Nearest-surface distribution functions for 

25 polydispersed particle systems" in Phys. Rev. A , Vol. 45, No. 8 (15 Apr. 1992) p. 5530 et 
seq., which is incorporated by reference herein in its entirety. 

Fig. 1 1 shows the size distribution for continuous and discrete voids for randomly 
packed spheres of radius 1. Packing fraction for the discrete void model is 0.6 and for the 
continuous void model ranges from 0.6 to 0.2. For a toner particle of radius x, the y-axis of 

30 Fig. 1 1 shows that percentage of voids that particle may occupy without distorting the packed 
structure or touching more than one carrier particle at a time. Given the strong magnetic 
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interactions between particles, the collapsed carrier chains are likely to form clusters in an 
overall structure that is intermediate to the discrete and continuous models. 

If the toner particles are much smaller in diameter than the carrier particles or the 
packing fraction is significantly less than 0.6, the toner particles are much smaller than these 
5 void structures and easily fit within the void, resulting in the toner particle contacting a 
carrier particles at only one point, for example, as illustrated in Fig. 12. If, however, the 
toner particles are sized relative to the carrier particles such that the toner particles are large 
enough that they either just fit within the void or are slightly too large to fit within the void, 
and the packing fraction is maximized, contact between the toner particle and the carrier 

10 particles is also maximized, as shown in Fig. 12. To maximize contact with carrier particles 
at more than one location on the toner surface, toner having relative size in the range from 
approximately 1/10 Rc to 2/3 Rc is preferred, corresponding to carrier size in the range from 
approximately 1.5 R T to 10 R T , and toner having relative size of approximately 2/10 Rc to 
1/2 Rc is more preferred, corresponding to a carrier size range of approximately 2 Rj to 5 Rj. 

15 The importance of maximizing toner particle surface contact with carrier particles lies 

in the surface charge distribution that results from tribocharging. When a toner particle 
contacts a carrier particle only with a small portion of its surface, the small portion in 
intimate contact with the carrier particle actually acquires charge, as well as a point directly 
opposite the contact point, resulting in an uneven charge distribution on the surface of the 

20 toner particle. However, a spherical charge distribution is greatly favored, because the non- 
uniform charge distribution resulting from undersized toner particles can cause the 
electrostatic adhesion force to become dominant, making it more difficult to remove the toner 
particle from the first carrier particle. 

The size distribution of particles is often described by a Schulz distribution, 



25 f(R) = 1 
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with z > -1. Size distributions for particles with <R> = Vi and various z values are plotted in 
Fig. 13. Large values of z cause the distribution to become sharper and reduce the variance. 
For z -> oo the particles are monodisperse. Z = 6 is characteristic of ground carrier particles. 
For the example toner, which is prepared by grinding, Z = 20. 
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Figure 14 shows that the carrier particle size distribution has an effect on the void size 
for dense random packing with packing fraction of approximately 0.6. Narrow particle size 
distributions with z > 6 are preferred. 

Spherical charge distribution may be achieved by using monodispersed, spherical, 
5 chemically developed toner particles having a narrow size distribution, rather than toners 
produced by grinding. Such chemically-produced toners are known in the art, and their use 
is preferred in practicing the instant invention. Moreover, the toner particles are preferably 
of the appropriate size relative to the carrier particles, as discussed above. If the typical toner 
size and typical carrier size satisfy the preferred size relationships, narrower size distributions 
10 will increase the percentage of toner and carrier particles that satisfy the preferred size 
relationships. Narrow toner particle size distributions with z > 20 are preferred. 

Additionally, the same advantages may be gained by the use of spherical, chemically 
developed carrier particles having a narrow size distribution, as this leads to spherical, 
uniform charge distribution on the carrier particles as well as the toner particles, and also to a 
15 large percentage of toner particles satisfying the preferred size relationship with the carrier 
particles. 

Although the invention has been described and illustrated with reference to specific 
illustrative embodiments thereof, it is not intended that the invention be limited to those 
illustrative embodiments. Those skilled in the art will recognize that variations and 
20 modifications can be made without departing from the true scope and spirit of the invention 
as defined by the claims that follow. It is therefore intended to include within the invention 
all such variations and modifications as fall within the scope of the appended claims and 
equivalents thereof. 



